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Angular distributions of the elastic, inelastic, and breakup cross sections of the halo nucleus 11Be on 197Au
were measured at energies below (Elab ¼ 31.9 MeV) and around (39.6 MeV) the Coulomb barrier. These
three channels were unambiguously separated for the first time for reactions of 11Be on a high-Z target at low
energies. The experiment was performed at TRIUMF (Vancouver, Canada). The differential cross sections
were compared with three different calculations: semiclassical, inert-core continuum-coupled-channels and
continuum-coupled-channels ones with including core deformation. These results show conclusively that the
elastic and inelastic differential cross sections can only be accounted for if core-excited admixtures are taken
into account. The cross sections for these channels strongly depend on theBðE1Þ distribution in 11Be, and the
reaction mechanism is sensitive to the entanglement of core and halo degrees of freedom in 11Be.
DOI: 10.1103/PhysRevLett.118.152502
Halo nuclei are very challenging systems to test our
understanding of nuclear physics. Their structure is induced
by the presence of very weakly bound protons or neutrons
in low l orbits, giving rise to a diffuse matter distribution.
Reactions of halo nuclei at energies around the Coulomb
barrier [1–9] unveil the importance of the structure of
halo nuclei in the dynamics of the reaction process. Their
weakly bound nucleons provide insight into degrees of
freedom connected to slow processes. The characteristic time
of motion of a weakly bound nucleon, with binding energy
B ∼ 0.5 MeV, is τ ¼ ℏ=B≃ 1.3 × 10−21 s, to be compared
with usual values, B ∼ 8 MeV and τ ¼ 8 × 10−23 s.
Published by the American Physical Society under the terms of
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The study of these relatively large time scales can be
performed by means of Coulomb-dominated collisions with
high-Z targets, for which the collision time τ ¼ R=v is of the
order of 10−21 s (using the classical distance of closest
approach for a head-on collision). Halo degrees of freedom
are excited by the dipole Coulomb interaction that pulls apart
the neutron(s) and the core. At large projectile-target sepa-
rations (i.e., small scattering angles), nuclear forces andhigher
Coulomb multipoles play a less significant role. Hence, the
structure property that will be most relevant in a Coulomb-
dominated collision is the BðE1Þ distribution.
Following this rationale, we explored in a series of
experiments the scattering of 6He and 11Li on lead
[2,3,6,8]. These nuclei do not have any bound excited
state, so any excitation of the projectile will lead to its
breakup, which will therefore be the dominant reaction
channel. The 11Li study [6,8] revealed a close relation
between the BðE1Þ distribution and the breakup cross
section at forward scattering angles. Nevertheless, the
obtained BðE1Þ had significant discrepancies with previous
Coulomb breakup measurements [10]. This result raises
doubts on the consistency of the structure properties
extracted from reaction data at different energy regimes.
In order to address this issue, we have undertaken a new
experiment, focusing this time on 11Be.
Since 11Be is a one-neutron halo nucleus, its theoretical
treatment should be simpler as compared to the Borromean
systems 6He and 11Li. Moreover, its BðE1Þ distribution
has been extracted in several Coulomb dissociation experi-
ments [11–14] which, although similar in shape, differ
significantly in their magnitude. Finally, the peculiar
properties of 11Be are expected to give rise to interesting
phenomena in low-energy collisions with heavy targets,
particularly at near-barrier energies.
The low-lying spectrum of 11Be is relatively well known
[15]. It has only two bound states, the ground state (g.s.)
(1=2þ) and a bound excited state at 320 keV excitation
energy (1=2−). The g.s. is known to contain admixtures of s
and d neutron configurations, with the latter associated
with excited components of the 10Be core. Furthermore, the
bound excited 1=2− state shows the largest measured
BðE1Þ between bound states [16].
This Letter reports on the first measurement of the
scattering of the halo nucleus 11Be on 197Au at Elab ¼
31.9 MeV (Ec:m: ¼ 29.6 MeV) and Elab ¼ 39.6 MeV
(Ec:m: ¼ 37.1 MeV), which are, respectively, below and
around the Coulomb barrier (Vb ≃ 40 MeV).
The challenge in this work is threefold: 1) to measure
elastic, inelastic, and breakup cross sections for 11Be on a
high-Z target at energies near the Coulomb barrier for the
first time, 2) to calculate them consistently in a strongly
coupled Coulomb-dominated situation, taking into account
all continuum excitations entangled with the core,
and 3) to disentangle the role played by the relevant
degrees of freedom of 11Be in the reaction mechanism to
safely correlate cross sections at low energies with BðE1Þ
distributions.
Experiment and data analysis.—The experiment was
performed at TRIUMF-ISAC. The 11Be beam was pro-
duced by the ISOL method. The beam purity of 11Be was
enhanced using the TRIUMF Laser Ionization Source
(TRILIS). A mass-separated beam of 11Be was delivered
to the experiment with an intensity of 105 pps.
The target thickness was 1.9 mg=cm2. Three telescopes
(T1–T3), consisting of a 40 μm double-sided Si strip
detector (DSSSD) and a 500 μm Si pad, covered angles
from 14° to 97°. The fourth telescope (T4, 102°–157°) had a
20 μm single-sided strip detector and a 300 μm DSSSD.
The coincidence between the vertical and horizontal
strips results in 3 × 3 mm2 pixels, each subtending angles
around 3°. Thus, the setup provides both a good identi-
fication of the ejectiles and adequate resolution in the
scattering angle.
Surrounding the reaction chamber with the Si-detectors
were twelve high-purity germanium clovers of TIGRESS
[17] at a target-to-detector distance of 14.5 cm. Each clover
consists of four eightfold segmented crystals in a common
cryostat, surrounded by a bismuth germanate (BGO)
Compton-suppression shield. Eight clovers were positioned
FIG. 1. Two-dimensional ΔE–Etot spectrum of the 11Beþ
197Au reaction at Elab ¼ 39.6 MeV for a single pixel at
θlab ¼ 18°. The dominant feature corresponds to quasielastic,
while the other locus corresponds to the 10Be fragments detected
after the breakup.
FIG. 2. γ-ray spectrum measured in TIGRESS in coincidence
with the forwardmost telescope (14°–43°). Dashed red line:
Doppler-shifted spectrum. Black line: Doppler-corrected spec-
trum for 11Be recoil.
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at θlab ¼ 90° and four at θlab ¼ 135°. In this experiment,
the full photopeak efficiency for the 320 keV gamma ray
was 0.121(5).
The identification of the breakup events requires the
separation of the 10Be and 11Be fragments (see Fig. 1). This
separation was accomplished in the full angular range. The
large amount of breakup events observed at forward angles
for reactions well below the Coulomb barrier is remarkable.
The inelastic scattering events were identified by gating
the 11Be events on the 320 keV γ-ray peak. Figure 2 shows
the gamma-ray spectrum in the region of interest, where the
279 keV γ line, corresponding to the Coulomb excitation
of the 197Au target, and the 320 keV γ line, emitted after
populating the bound excited state in 11Be, are clearly
separated. High-resolution γ-ray detectors and high granu-
larity in the detection of charged particles and γ rays were
necessary for Doppler correction of the gamma ray emitted
in flight. The Compton background contribution was mea-
sured gating at the higher-energy side of the 320 keV γ-ray
peak to avoid coincidences with the 197Au γ line.
The events were selected by requiring a hit in any
telescope and that the energy difference between both sides
of the DSSSD was less than 200 keV. An angular binning
of 3° was chosen for the analysis, and the centroid of each
angular bin was calculated as the weighted average of the
centroid of the pixels within the bin. As shown in Fig. 1,
there were enough statistics in the elastic and breakup
channels to evaluate the cross sections pixel by pixel. The
inelastic scattering cross sections, however, are obtained by
adding together the statistics of pixels within the same
angular bin. The angular distributions of the elastic,
inelastic, and breakup channels are shown in Figs. 3, 4,
and 5, respectively. Beyond 100°, inelastic and breakup
events were observed, but their small statistics prevented us
from extracting reliable cross sections. It is remarkable that
even at energies below the barrier, there is a significant
deviation of the elastic channel with respect to Rutherford
scattering (Fig. 3), even at very forward angles (50° is a
lower limit for the grazing angle), corresponding to very
distant trajectories. This is a clear signature of dipole
polarizability [18].
Theoretical analysis.—The structure of 11Be (ground
state, excited state, and continuum states) is described using
two models. First, a single particle model (SP), which
ignores the structure of the 10Be core and describes the
motion of the halo neutron using a mean-field potential of
Woods-Saxon type that reproduces the neutron separation
energies of the 1=2þ g:s: and the 1=2− excited state [19].
The second is a particle-plus-core model (CEX), which
takes into account the g.s. (0þ) and first excited state (2þ1 ) in
10Be. The potential parameters for this model are taken
from Ref. [20]. The interaction of the halo neutron with the
core has a quadrupole deformation given by β ¼ 0.67 [21].
Both models yield similar total BðE1Þ strengths because
both have similar rms radii for the halo neutron in the g.s.
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FIG. 3. Measured differential elastic scattering cross section at
(a) Ec:m: ¼ 37.1 MeV and (b) 29.6 MeV, compared with the
CDCC and XCDCC calculations described in the text.
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FIG. 4. Measured and calculated angular distribution of the
inelastic differential cross section of 11Beþ 197Au, populating
the 1=2− bound excited state in 11Be for (a) Ec:m: ¼ 37.1 MeV
and (b) 29.6 MeV. The curves are the EPM, CDCC, and XCDCC
calculations described in the text.
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In the CEX model, the BðE1Þ to the continuum exceeds
that of the SP model by 0.14 e2 fm2, but both are com-
patible with the Coulomb dissociation data of Ref. [12]
(see Fig. 6). Conversely, the BðE1Þ for the 1=2− bound
state is larger in the SP model by this same amount, and this
results in an overestimation of the experimental value for
this state. The inclusion of the core deformation (CEX)
reduces the BðE1Þ to the bound state, shifting it to the
continuum and resulting in a good agreement of both
strengths. This is due to the fact that the admixture of
the core excitation components in the 1=2þ and 1=2− states
reduces significantly the E1 matrix elements. The CEX
model presented in this work gives for the 11Be g.s., 88%
of 10Be (0þ) and 12% of 10Be (2þ). Although the s-wave
content is somewhat higher than that extracted from some
transfer [22] and Coulomb dissociation experiments [12], it
is consistent with recent ab initio calculations [23].
The scattering observables are calculated using three
models. Firstly, the equivalent photon method (EPM) [24],
consisting in a semiclassical calculation with Coulomb
trajectories and pure first order E1 excitation of the 11Be
projectile due to the Coulomb interaction with the target.
In this model, inelastic cross sections are proportional to the
BðE1Þ to the 1=2− bound state. Breakup cross sections are
proportional to a certain integral of the BðE1Þ distribution
to the continuum, which is dominated by breakup energies
close to the threshold. Secondly, the continuum-discretized
coupled-channels (CDCC) calculation [26], using as a
structure model the SP model described above. It takes
into account the dynamical effect of the halo degree
of freedom on the dynamics of the collision. Finally,
the extended continuum-discretized coupled-channels
calculation (XCDCC) [27], which uses the CEX model
and takes into account both the halo and core degrees of
freedom. Convergence of the studied observables for
the CDCC and XCDCC calculations required a very large
model space (Jπ ≤ 15=2 and Ex < 12 MeV for the total
angular momentum and excitation energy of 11Be) and
also narrow energy bins (δE≃ 140 keV) at energies close
to the threshold. Coulomb dipole continuum-continuum
couplings, which go well beyond the first order, are
essential to get converged results.
Discussion.—Coulomb breakup processes populate
mostly the low energy continuum of 11Be which, according
to Fig. 6, mainly involves excitation energies below 3 MeV,
dominated by a maximum around Ex ≃ 1 MeV. In a
Coulomb dissociation experiment performed at RIKEN
[12] (E=A ¼ 70 MeV, θc:m: ≃ 5°), the collision time
(defined as the ratio of the distance of closest approach to
the velocity) is τcoll ≃ ð0.5 − 1.0Þ × 10−22 s. This time is
short compared to the characteristic time for the excitation of
the relevant Coulomb breakup states τex ¼ ℏ=Exð1 MeVÞ ¼
6 × 10−22 s or the characteristic time of the deformation in
10Be, τd ¼ ℏ=Eð2þ;10 BeÞ ¼ 2 × 10−22 s. This means that,
during the collision, the charge distribution of the 11Be g.s.
wave function remains frozen. In this case of fast collisions,
the breakup reaction will essentially be a first order process,
and the breakup cross sections will be proportional to the
BðE1Þ distribution, determined by MðE1Þ matrix elements
coupling 11Be g.s. with its continuum states. Under these
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FIG. 5. Experimental differential breakup cross section in the
laboratory frame at (a) Elab ¼ 39.6 MeV and (b) 31.9 MeV,
compared with EPM, CDCC, and XCDCC calculations described
in the text.
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conditions, there will not be a sizeable distortion of 11Be
under the Coulomb field of the target. This assumption
justifies the use of the EPM to obtain BðE1Þ distributions
directly from breakup cross sections at intermediate scatter-
ing energies.
The dynamical situation of the present experiment is very
different (E≃ 35 MeV, θc:m: ¼ 13°–150°). The collision
time, τcoll ≃ ð5–10Þ × 10−22 s, is large enough to let the
11Be charge distribution readapt during the collision. In this
slow breakup scenario, the assumptions leading to the EPM
are no longer valid, and one requires a proper description of
the scattering which takes into account the distortion of
11Be continuum wave functions. This is done in the CDCC
calculation, which takes into account the coupling of the halo
degrees of freedom, and in the XCDCC calculation, which
takes into account the coupling to both the halo and the core
degrees of freedom. As the collision is slow, there is the
possibility of multiple Coulomb excitation, which is man-
ifested in the need to include high angular momenta in
the continuum. Also, to describe accurately continuum to
continuumcouplings, the energy interval of themost relevant
bins should be about δE < ℏ=τcoll ≃ 600 keV, which is
fulfilled in our calculation.
Now, we can interpret the results of breakup cross sections
(Fig. 5). The EPM model [based on the BðE1Þ distribution]
largely underestimates the breakup cross section in the
range which is safely Coulomb dominated (θc:m: < 50°).
This indicates that there is a distortion of 11Beduring the slow
collision, which then breaks up more efficiently than in the
first order mechanism. The CDCC calculation, based on a
SPmodel that reproduces theBðE1Þ distribution, reproduces
the breakup cross sections. This indicates that the complex
dynamics of the slow breakup is well described by properly
taking into account the halo degrees of freedom, included in
CDCC. Regarding the XCDCC calculation, it is based in a
CEX model with the appropriate admixture of 0þ and 2þ
components and with the adequate noncentral interaction
that reproduces simultaneously the BðE1Þ to the continuum
and to the 1=2− bound state. XCDCC reproduces elastic,
inelastic, and breakup cross sections, indicating that the
model is able to describe the dynamical evolution in a slowly
varying Coulomb field.
In the case of inelastic scattering (Fig. 4), as opposed to
breakup, both the initial and final states are bound and
discrete. Thus, the role of distortion is not as important as
in the breakup cross sections. Hence, the EPM gives, in
the Coulomb-dominated regime, similar results to those
obtained with the more sophisticated XCDCC, as both start
from similar BðE1Þ values. Interestingly, these calculations
overestimate the data by ∼14%, suggesting that the
BðE1; 1=2þ → 1=2−Þ value should be smaller than the
lifetime value by this same amount, in accord with some
Coulomb excitation experiments [16,28]. The CDCC cal-
culation does not include 2þ components, hence, it gives a
larger BðE1Þ value and overestimates the cross sections.
Conclusions.—We have presented the elastic, inelastic,
and breakup data for the 11Beþ 197Au reaction at energies
around and below theCoulomb barrier. This corresponds to a
dynamical situation in which the weakly bound projectile is
exposed to a strong slowly varyingCoulomb field. This study
is complementary to the intermediate-energy Coulomb
dissociation experiments performed at RIKEN and GSI that
can be understood as exposing halo nuclei to rapidly varying
Coulomb fields. The XCDCC calculations presented here
describe the distortion of 11Be in the Coulomb field, which
includes the dynamical core polarization. The fact that only
theXCDCCcalculations, starting from a structuremodel that
reproduces the experimental BðE1Þ values, also reproduce
the elastic, inelastic, and breakup cross sections indicates that
we have the adequate theoretical tools to analyze low energy
Coulomb breakup reactions.
The results presented in this Letter validate the 11Be
dipole distribution obtained from the latest Coulomb
dissociation experiment performed at RIKEN and open
the possibility of complementing high energy Coulomb
breakup experiments with low energy ones with the
purpose of learning not only about the BðE1Þ distribution
of halo nuclei, but also about the dynamics of the halo
nuclei in a strong Coulomb field.
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